We report the spin structure of an exchange-biased ferromagnetic oxide heterostructure, La 0.67 Sr 0.33 MnO 3 / SrRuO 3 , through magnetization and polarized neutron reflectometry measurements. We reveal that the magnetization reversal process of the La 0.67 Sr 0.33 MnO 3 biased layer critically depends on the frozen-in spin structure of the SrRuO 3 biasing layer during the cooling process. Furthermore, we observe unexpected double-shifted hysteresis loops of the biased layer that originates from the formation of lateral 180 o magnetic domains within the biasing layer, a new mechanism not found in conventional exchange-bias systems.
Oxide hetrostructures show novel properties arising from reconstruction at the interface [1] , including lattice reconstruction, electronic reconstruction, and orbital reconstruction. These emergent interfacial phenomena have attracted intense attention in the past few years [2] . For instance, an exchange-bias phenomenon (the hysteresis loop off-centers from the origin along the field axis) has been observed in ferromagnetic oxide heterostructures [3, 4] .
In exchange-bias systems a magnetization loop shift of the (magnetically soft) 'biased' layer depends on the detailed spin configurations of the (magnetically hard) 'biasing' layer (which can be antiferromagnetic [5] , ferrimagnetic [6] , or ferromagnetic [3, 4, 7] ). This spin configuration is set as the bilayer system is cooled through magnetic transition temperature of the biasing layer and depends on the external magnetic 'cooling field' (CF). The resulting spin configuration of the biasing layer is to first order 'frozen' at low temperature when the magnetic anisotropy becomes large, although the reversal of the biased layer during a magnetization loop can dynamically perturb the spin structure of the biasing layer by winding spiral spin configurations or partial domain walls parallel to the layer interface [8, 9] .
In most exchange-bias systems the interfacial exchange interaction is ferromagnetic, leading to an exchange field that is always opposite in sign to CF (negative exchange bias) [5] . In contrast, positive exchange-bias (loop shift along the CF direction) has been observed in a few systems, including Fe/FeF 2 [10] , Gd 40 Fe 60 /Tb 12 Fe 88 [11] , and La 0.67 Sr 0.33 MnO 3 /SrRuO 3 [3, 4] , where the biasing layers FeFe 2 , Tb 12 Fe 88 , and SrRuO 3 are antiferromagnet, ferrimagnet and ferromagnet, respectively, indicating an antiferromagnetic interfacial exchange coupling. In the former two cases, the sign of the exchange field changes from positive to negative with decreasing CF, which has been attributed to the formation of magnetic domain walls parallel to the bilayer interface induced in the biasing layer by field cooling [11] .
Although the antiferromagnetic interfacial coupling has been established in the La 0.67 Sr 0.33 MnO 3 (LSMO) / SrRuO 3 (SRO) bilayers [3] and superlattices [4] , the key issues regarding the spin structure of SRO biasing layer formed in the cooling process and its crucial effect on the biased LSMO magnetization reversal have remained elusive. In this paper, combining polarized neutron reflectometry (PNR) and bulk magnetization measurements, we have determined the frozen-in spin structure of SRO layer that depends on the competition between Zeeman interaction, interfacial antiferromagnetic interaction, and its uniaxial magnetic anisotropy. Furthermore, we have revealed unexpected double-shifted hystersis loops of the LSMO biased layer, and attributed this feature to the formation of lateral 180 o magnetic domains with perpendicular domain walls within the SRO biasing layer, which is a new mechanism not reported in conventional exchange-bias systems. This study sets an example of intriguing interfacial phenomena and illustrates the importance of interfacial coupling in complex oxide heterostructures.
The epitaxial bilayer heterostructures were grown on 0.2˚-miscut and TiO 2 -terminated (001) SrTiO 3 substrates by pulsed laser deposition (PLD) with atomic layer control [3] . LSMO (~ 13 nm) was first grown at 800 ºC on substrates. SRO (~ 24 nm) was then grown at 600 ºC on top of the LSMO. This resulted in strained epitaxial LSMO and SRO layers as evidenced by the xray reciprocal space map about the (103) reciprocal lattice point ( Fig.1 ). Ex-situ scanning tunneling microscopy (STM) measurement showed a terrace morphology of the topmost surface, with unit cell step heights and terrace widths consistent with the 0. The temperature dependence of magnetic moment of the bilayer ( Fig. 2(a) ) was measured while warming in a 1000 Oe field and shows a peculiar behavior after field-cooling the sample from 200 K to 10 K in various CFs applied along the substrate miscut direction (i.e, the SRO easy axis direction [12] ). Before each cooling, a 2000 Oe field was applied at 200 K to saturate the LSMO layer (H c of LSMO ~ 30 Oe). Two magnetic transitions are clearly seen at T ~ 340 K and 150 K for LSMO and SRO layers respectively. The intriguing features emerge when the SRO layer becomes ferromagnetic. In a 1000 Oe CF, the magnetic moment of the sample monotonically increases with decreasing temperature down to 5 K, indicating the parallel moment alignment of SRO and LSMO layers. In contrast, with a smaller CF, 100 Oe, the magnetic moment decreases sharply below 125 K before saturating at lower temperatures with a total moment smaller than that of an LSMO single layer (represented by the dash-dotted curve).
This indicates that the net magnetic moment of SRO and LSMO layers have aligned antiparallel to each other, suggesting an antiferromagnetic interfacial coupling between these two components. First principles calculations have shown that such an antiferromagnetic coupling originates from the hybridization of interfacial O 2p with 3d state of Mn atoms and 4d state of Ru atoms [13, 4] . Interestingly, with an intermediate CF, the net contribution of SRO magnetic moment increases, although being smaller than the full saturated moment of SRO layer, as depicted by the red curve shown in Fig. 2 (a) for 500 Oe CF.
Magnetic hysteresis loops describing the LSMO layer magnetization reversal were obtained at 10 K with the magnetic field swept within ± 1500 Oe, as shown in Fig. 2(b) , after fieldcooling the sample from 200 K. It is noteworthy that the SRO layer has a much stronger magnetic anisotropy [12] , with coercivity larger than 1 Tesla at 10 K. It is thus expected that the SRO moment remains unchanged during the ± 1500 Oe field sweep. The hysteresis loop is rigidly shifted along the positive field axis for 1000 Oe CF, indicating that the LSMO layer has positive exchange-bias. This is consistent with the scenario of energy-preferable interfacial antiferromagnetic coupling. In addition, the hysteresis loop is shifted along the positive magnetization axis due to the fixed moment of the SRO biasing layer pinned along the field axis. Because of the large uniaxial anisotropy, the width of SRO domain wall is very narrow (~ 3 nm) [14] and the SRO spins projected in the plane can be approximated to be either parallel or antiparallel to the applied field; therefore, the SRO magnetic configuration is effectively determined by the competition of H Z and H J . Note that LSMO spins line up with the magnetic field at SRO transition during the cooling process with the CFs being much larger than LSMO coercieve field. For a large CF, H Z dominates over H J , thus the SRO spins align parallel to LSMO layer ( Fig. 2d ), resulting in a single positively biased loop; for small CF, H J is larger than H Z such that the SRO moments prefer to be antiparallel to LSMO layer ( Fig. 2f forming lateral magnetic domains with opposite SRO spin orientations ( Fig. 2e ), which sequentially cause the double-loop shift of LSMO layer. Thus, the mechanism forming the double-loop hysteresis is different from what has been reported in other systems [15, 16] , which was either due to induced uniaxial anisotropy in the biased layer [15] or due to domains in the biased layer inducing a domain structure in the biasing layer [16] . According to Fig. 2(c To confirm the spin structure discussed above and to obtain further insight on the magnetic and structural depth profile of the film we applied PNR technique [17, 18] following the same cooling procedure previously described. The two-dimensional (2D) intensity maps of scattered neutrons were recorded to measure both specular and off-specular scattering. Figure 3(a, b, c) shows the reflectivity curves (R + and R -) extracted from the 2D maps measured at 1000 Oe field after the sample was cooled down to 10 K in 1000 Oe, 100 Oe, and 500 Oe, respectively. The MSLD profiles of SRO and LSMO layers obtained from the fitting are plotted as functions of the distance from the surface, shown in Fig. 3(d Fig.3(c) ). In this geometry the net magnetization of SRO layer is determined as the mean value averaged over the stripe 0º-180º domains within the neutron coherence length and contributes to the specular reflectivity in the non spin-flip channel, while the deviation of magnetization from this mean value within each domain contributes to the off-specular scattering (also non spin-flip channel in this case). Figure 3 (e) shows a 2D map of the reflected and scattered intensity for 500 Oe CF as a function of (p i -p f ) and Q z = (p i +p f ) with p i(f) = 2πsinθ i(f) / λ the normal to the surface component and θ i(f) the angle of the incident (scattered) wave vector [19] . The specular scattering occurs at p i = p f . For the configuration shown in the cartoon in Fig. 3c the off-specular scattering appears as the Yoneda scattering [20] close to Q c in the non spin-flip channel from stripe domains when the l Dx < l cohx (where l Dx is domain size along the direction perpendicular to the neutron polarization direction and l cohx is the lateral projection of the neutron coherence length) and is clearly seen in Fig. 3(e) . Figure 3 (f) shows the model calculation, which reproduces the details in Fig. 3(e) .
From the 2D model fit we obtained the width of the stripe domains of 200 nm, which is consistent with that observed in the bare SRO film by TEM [14] .
To further prove the formation of in-plane stripe domains, we performed an additional experiment. After the sample was cooled down with 500 Oe CF, it was rotated by 90º at zero field around the axis normal to the film surface and then reflectivity measurement was done in a small magnetic guide field of 40 Oe field, which did not affect the magnetization in the film. In this geometry no off-specular scattering was recorded above the background, which suggests that in this direction the length of the stripe domains is larger than the lateral projection of the neutron coherence length l Dx > l cohx , as shown in the cartoon inserted in Figure 4 . Since no offspecular scattering signal was observed, the spin-flip component contributes to the specular channel and was taken into account during the fit [21] as described in [18] . The moduli of the magnetization vectors in LSMO and SRO layers (obtained from the fit to the data for 1000 Oe CF) were kept fixed while the angles between the magnetization vectors for both LSMO and SRO layers and the direction of the neutron polarization were the only two parameters of the fit.
Note that in this configuration the PNR reflectivity R+ (or R-) contains two spin-states, R ++ + R +-(or R --+ R -+ ) [21, 22] . The overlapping R + and Rare indicative of a negligible magnetization component parallel to the neutron polarization. The angles of SRO and LSMO magnetic moments are determined to be close to 90º, i.e. perpendicular to the direction of the field and the neutron polarization (inset of Fig 4) . This provides the direct evidence that the low temperature SRO moments were frozen-in and are aligned along the easy axis due to the strong uniaxial anisotropy [12] . Further, due to coherence anisotropy in the reflectometry experiment [17, 23] the domain size l Dx should be larger than the lateral projection of the neutron coherence length [19] .
This allows us to estimate the lower limit for the length of the stripe domains of 150-400 microns [23] .
In summary, CF dependent spin structure of an epitaxial exchange-biased ferromagnetic oxide bilayer LSMO / SRO has been revealed by means of SQUID magnetometry and PNR measurements. The spin structure of the biasing SRO layer is determined by the balance of the Zeeman interaction and the interfacial coupling during the cooling process, which in turn affects the magnetization reversal process of the biased LSMO layer. The unexpected formation of lateral stripe magnetic domains within the biasing layer with the domain walls perpendicular to the interface leads to double-shifted hysteresis loops in the biased layer [24] , the mechanism of which has not been reported in conventional exchange-bias systems. Furthermore, the mechanism of the double hysteresis loops for intermediate CF that we discussed in our study is fundamentally distinct from that of the asymmetric hysteresis loops reported by Solignac et al. 
